Key learning points
tranformations depending on the functional groups introduced during the MCR, thus leading to the synthesis of several pharmacologically important heterocyclic scaffolds, mostly in two operational steps. 4 Inevitably, a number of post-Ugi transformations such as Ugi-deprotectioncyclization (UDC), acid/base catalyzed cyclizations, cycloadditions, macrolactonizations, S N Ar, S N 2 reactions, aryl couplings, ring closing metathesis, radical cyclizations etc. are reported ( Figure 1 ) and many of them have been covered elegantly in several reviews. [4] [5] [6] [7] However, none of the earlier reviews has focused specifically on metal-catalyzed post-Ugi transformations directed towards the synthesis of diverse heterocyclic scaffolds. Moreover, since the last decade, a considerable number of reports dealing with this topic have been published. In this tutorial review, we wish to present an overview of post-Ugi transformations performed in a sequential or domino fashion. Only metal-catalyzed processes as well as their combinations with elementary organic reactions leading to the de novo formation of the heterocyclic core shall be covered. Owing to the large extent of available literature about metal-catalyzed post-Ugi transformations, we have mainly restricted our review to developments in the last ten year.
Methodologies such as Ugi-Click directed towards triazole synthesis 7 are kept out due to space limitations. For the sake of clarity, we have divided this review into the following sections: (a) have chosen some interesting reports where association of a versatile Pd-catalyzed carboncarbon bond forming process, the Heck reaction, with the Ugi reaction has been employed for the synthesis of pharmacologically important scaffolds.
In a first report of its type, the synthesis of a series of constrained nitrogen containing scaffolds (isoquinolines and benzazepines) has been reported by Gracias and co-workers 8 via a one-pot sequential Ugi/Heck cyclization approach, whereby the ring size and periphery features of the products were effectively controlled based on the choice of the bi-functional starting materials. Utilizing o-bromobenzaldehyde with unsaturated acids as alkene source, isoquinolines 2 with an olefin-containing spirocyclic system or an α,β-unsaturated system were obtained using Pd(OAc) 2 as catalyst, PPh 3 as ligand, Et 3 N as base in MeCN at 125 o C under microwave irradiation for 1 h (Scheme 1, path A). Access to seven-membered lactam 4 was achieved using allyl glycine methyl ester as amine counterpart, with o-halobenzoic acid under similar conditions (Scheme 1, path B). Subsequently, the methodology was extended to solid phase in a two-step sequence using Wang resin coupled Fmoc-protected allyl glycine, affording the required compound in a moderate yield of 33-44%. However, under solid-phase conditions, Heck cyclization requires two-folds of Pd catalyst and PPh 3 along with the crucial presence of Bu 4 NCl in the reaction mixture as compared to solution phase.
In concurrence to the above report, an efficient two-step procedure for the synthesis of isoquinoline scaffolds 6 and 8 in a combinatorial format via an Ugi-Heck reaction sequence has been elaborated by Yang and co-workers. 9 The first step in this sequence is a Pd-catalyzed Scheme 1 Synthesis of isoquinolines and benzazepines. intramolecular Heck reaction followed by a Pd-catalyzed double bond isomerisation of the Ugi adduct generated by reacting N-allylamine either with o-halobenzoic acids or with ohalobenzaldehydes (Scheme 2). The catalytic system consisting of Pd(OAc) 2 , PCy 3 and Nmethyldicyclohexylamine as unique base in DMA provided access to a variety of isoquinolines in good to excellent yields. However, in contrast to the method reported by Gracias and coworkers, 8 the reaction met with failure under microwave irradiation as double bond isomerization did not proceed completely under the tested conditions. Scheme 2 Synthesis of isoquinolines via Ugi-Heck.
Given the pharmacological importance of the indole scaffold, Umkehrer and co-workers 10 developed an efficient Ugi-Heck combination for combinatorial library production of indol-2ones 10 bearing four points of diversity using acrylic acids 10 (Scheme 3, path A) as one of the Ugi substrates. In this novel one-pot solution phase synthesis, the starting materials for Ugi reaction were stirred at 50 o C for 24 h in CF 3 OH (polar protic). Afterwards, the solvent was changed to MeCN and 10 mol% of Pd-catalyst was added which provided the desired products in moderate yields after 16-24 h of stirring at 80 o C. As an update of their work, the authors have reported a similar strategy for the efficient synthesis of dihydroindoles 12 using acrylic aldehydes 11 as starting materials (Scheme 3, path B). The method also allows access to 1Hindoles 13 11 (Scheme 3, path B) by involving the simultaneous use of formic acid with cinnamaldehyde in the above reaction. Though, the reaction affords low to moderate yields (15-38%), it tolerates well the use of 'convertible' isocyanides 4 (1-cyclohexen-1-yl and 4-phenyl-1-terminal olefinic bond; providing the possibility for a subsequent RCM. Utilizing Grubbs' catalyst carbon, oxygen, nitrogen, and sulfur containing dienes can be cyclized to form functionalized cycloalkenes. [13] [14] [15] [16] [17] In recent years, this approach has been widely utilized for synthesizing libraries of diversity-oriented templates, which resemble natural products or find multiple applications in peptidomimetics. A recent review by Orru and co-workers 7 deals with this topic and the reader is advised to read both reviews to have a better overview.
In 2004, Krelaus and Westermann reported the synthesis of peptide-like bicyclic lactams via a sequence of an Ugi 3-component 4-center reaction-RCM approach (Scheme 4). 13 Ugi reaction of a two-centered olefinic amino acid (which in turn was derived from ring opening of pyroglutamic acid), allyl amine and isocyanide proceeded well in methanol to provide lactam 14.
Subsequent treatment of 14 with Grubb's catalyst gave bicyclic product 15 in 81% yield. In addition, an alternate route to obtain lactams was also developed by utilizing Ugi reaction to the tetraolefinic amide 16, setting up a direct double RCM which resulted in an equal amount of both products 17 and 18 (ratio 1:1) via two possible modes of cyclization (Scheme 4).
Scheme 4
The Ugi-RCM sequence leading to bicyclic lactams.
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In another report, Judd and co-workers 14 successfully exploited a sequential Ugi-RCM-Heck microwave-assisted approach for the diastereoselective synthesis of a series of bridged bicyclic lactams 21 by utilizing β,γ-unsaturated amide 19 as bifunctional substrates. X-ray diffraction studies revealed that the bicyclic products contain varying degrees of pyramidalization of the bridgehead nitrogen atom, which resulted in their enhanced reactivity towards biological nucleophiles. Further, the nature of the Ugi substrates was altered to access other cyclization manifolds leading to different heterocyclic systems 22-24 in good yields and high diastereoselectivity (Scheme 5).
Scheme 5
Ugi-RCM-Heck sequence for the generation of bridged bicyclic lactams.
Later on, Banfi and co-workers successful extended this strategy for designing of mediumsized (9-12 membered) cyclic peptidomimics 27. 15 Ugi condensation of commercially available protected amino acids with diethyl 2-allyl-2-isocyanomalonate and a preformed imine resulted in diene 25. Subsequent RCM with first generation Grubb's catalyst generated 26, which after decarboxylation and coupling with a protected dipeptide yielded several conformationally biased cyclic pentapeptides, containing the RGD (arginine/glycine/aspartic acid) sequence, built around a tetrahydroazoninone scaffold (Scheme 6). These peptides are of great pharmaceutical interest owing to their recognition by a special category of receptors, the so-called integrins. The synthetic scheme is depicted in scheme 6, where the N-benzyl group represents a diversity element that can easily be varied.
Scheme 6
Post-Ugi-RCM based synthesis of cyclic RGD-pentapeptide.
Likewise, for the synthesis of macrocyclic (more than 12 membered) rings, Oikawa and coworkers have developed a straightforward approach based on the ring closing metathesis of allylated Ugi adducts 28. 16 These mimics were synthesized in good yields via a three-step procedure involving an Ugi-4CR, the chemoselective introduction of the allyl groups on the Ugi products, followed by RCM. The 13-and 14-membered cycles 29a and 29b respectively were obtained in cis-geometry while the trans-isomer was predominant for the 15-membered cycle 29c (Scheme 7). Based on the above discussions, it is evident that Ugi-RCM is a highly suitable approach to reduce the fluxionality of the peptide backbone via synthesis of cyclic constrained peptidomimetics. However, poor stereoselectivity of the product is still a major issue which needs to be addressed.
Ugi-intramolecular arylations
In order to increase the versatility and the complexity-generating power, intramolecular (C-, Oand N-) arylation reactions have been combined with the Ugi-4CR for the construction of pharmaceutically relevant cyclic scaffolds. In comparison to other transition-metals, both Pd-and Cu-catalyzed arylations leading to the formation of 5-, 6-, and to some lesser extent, 7-membered rings have been much investigated.
In line with this concept, Zhu and co-workers 18 As an extension of this work, the authors described a highly efficient post-Ugi transformation for the synthesis of 3-substituted benzoxazolylisoindolinones 37 via two consecutive metalcatalyzed intramolecular reactions. 19 Starting from Ugi-adduct 34 with two aryl iodide units, a regio-specific Cu-catalyzed O-arylation followed by a Pd-catalyzed C-arylation afforded the desired products in good to excellent yields. Due to presence of two aryl halides, two reaction pathways were expected with Cu(I) catalysis (Scheme 10). However under the previously optimized conditions, 18 20 Initially, the cyclization was tried with a Cu-catalyst; however the yield could not be increased beyond 42%. Thereafter, the reaction was optimized under using Pd(dba) 2 as the catalyst and Me-Phos as the ligand of choice, Page 14 of 48 Chemical Society Reviews giving the 2-oxindoles in moderate to excellent yields (60-99%). Sterically hindered amides and iodides were well tolerated and no competitive C-H activation process leading to formation of dihydrophenanthridine was observed in the course of reaction. Pd-assisted post-Ugi N-arylation strategy. 21 Varying the initial starting materials (Scheme 12) for the Ugi reaction, three different types of products (5, 6, and 7-membered ring systems) were obtained using the same catalytic system consisting of 5 mol% of a Pd-catalyst, 10 mol% of P(otol) 3 , 2 equiv of carbonate base (Cs 2 CO 3 for aliphatic-and K 2 CO 3 for benzylic isocyanides) in toluene at 100 o C. Functionalized 2-bromobenzaldehydes and 2-bromoanilines were well tolerated enabling further construction of the scaffold. However, the overall yields are rather moderate (≤50%).
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Pd 2 (dba) 3 (5 mol%) P(o-tol) 3 (10 mol%) Concurrently, an independent report from Yang and co-workers 24 disclosed an efficient approach to synthesize two types of quinoline scaffolds (52 and 56 versus 54) via an Ugi-4CR/Pd-catalyzed C-H arylation sequence using o-iodobenzaldehydes, o-iodoanilines and oiodobenzoic/heteroacids, respectively as pre-functionalized components for the arylation process.
In comparison with the method reported by Zhu and co-workers 23 In a subsequent report 26 Andreana and co-workers 27 In 2012, Chauhan and co-workers 37 have described a microwave-assisted ligand-free Pdcatalyzed cascade reaction for the synthesis of isoquinolin-1(2H)-one derivatives. Ugi adduct 92 was reacted with 1.2 equiv of isocyanide in the presence of 10 mol% of Pd(OAc) 2 Ugi-adduct could be diverged to different heterocyclic scaffolds by exploiting its multifunctionality using different metal catalysts or ligands.
Towards this end, Van der Eycken and co-workers 38 Subsequently, as an update of their work, the authors extended the above approach employing other heterocycles such as thiophene, benzothiophene and indole. 39 However, with these heterocycles only 7-membered azepinones were obtained, as thiophene failed to undergo exo-dig cyclization with Au(I). Furthermore, Pt(II) was found ineffective to activate benzothiophene or indole due to their less nucleophilic character. The unexpected endo-dig cyclization by cationic Au catalyst leading to the formation of 7-membered azepinones was ascribed to its bulky nature. Another notable report by the same group 40 In 2012, the same group has presented a sequential Ugi-gold catalyzed carbocyclization approach for the diversification of the indole core. 45 The protocol involved mild reaction conditions, good to excellent yields, 4-point diversity generated by Ugi-4CR and selective endodig cyclization using a cationic Au-complex. Mechanistically, the nucleophilic attack of the C-3 position of the indole core on the activated alkyne gives a spiro-intermediate, which upon 1,2shift, deprotonation and protodeauration forms the final product 122 (Scheme 33). Interestingly, both diastereoisomers obtained from the Ugi reaction with L-tryptophan methylester were cyclized to afford the corresponding pure indoloazocines in good yields. However, due to steric hindrance bulky phenyl and tert-butyl substituents on the alkyne were found incompatible. Later, an improved version of this protocol was reported 46 where Au(PPh 3 )SbF 6 is used instead of the previously described Au(PPh 3 )OTf. This catalytic system is superior in terms of reaction yields, In 2013, Van der Eycken and co-workers 47 have described a Au(I)-catalyzed intermolecular carbocyclization leading to the formation of pyrrolopyridines, pyridoindoles and azepinoindoles under mild reaction conditions. Ugi-adduct of the type 123 were effectively cyclized using low catalyst loading of 2 mol% AuCl in chloroform at room temperature without compromising the yields. Surprisingly, only terminal alkynes were effective towards the synthesis of pyrrolopyridines 124 via a 6-exo-dig cyclization followed by isomerization of the double bond.
Transition metal-catalyzed carbocyclizations
When indole-2-carbaldehyde was used with internal alkynes, azepinoindoles 125 were formed via 7-endo-dig cyclization. The reaction was strongly dependent on the nucleophilicity of the heterocycle used, though no rationale for exo-and endo-selectivity has been discussed. Also, no product formation was observed with thiophene containing Ugi-adduct due to poisoning of the gold catalyst with sulfur. In another variant of this methodology, 39 alkynoic acids were used as alkyne source for the Ugi reaction. Only seven membered ring formation was observed by endodig cyclization, resulting in the formation of azepinoindoles and azepinobenzothiophenes 127 using cationic Au(PPh 3 )OTf as catalyst (Scheme 34). Also, thiophene containing Ugi-adducts worked well under the optimized conditions to give the desired products in high yields.
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Chemical Society Reviews generate the 9-membered ring 129. No product formation was observed with indole containing Ugi-adduct due to decomposition under the reaction conditions.
Scheme 35
Synthesis of diversely substituted diazoninones via Au-catalyzed carbocyclization.
Earlier in 2008, Riva and co-workers have reported a Pd(0)-catalyzed post-Ugi transformation via S N 2′ cyclization to give functionalized N-acyl-2-vinylpyrolidines 131 in overall good yields but with moderate diastereoselectivity. 49 A specially designed isocyanide for this type of carbocyclization was synthesized from the corresponding alcohol (Scheme 36).
Scheme 36 Synthesis of diversely substituted N-acyl-2-vinylpyrolidines.
In a further extension of their work, the same group has reported a Pd-catalyzed synthesis of tricyclic N-heterocyclic compounds 134 from Ugi adduct 132 via sequential S N 2′ carbocyclization-Heck reaction in a one-pot, two-step manner. 50 Using the previously developed Pd(PPh 3 ) 4 -dppe catalytic system, 49 the first cyclization involves a Pd(0)-mediated S N 2′ cyclization followed by intramolecular Heck cyclization. The specially designed isocyanide 49 has methyl carbonate protected allylic alcohol that acts as a leaving group in the S N 2′ cyclization.
Use of Cs 2 CO 3 as base was found crucial for the reproducibility and completion of the reaction.
Also, the Heck cyclization is highly dependent on the relative configuration and nature of the halogen atom of the starting haloarene. However, the authors were not able to perform the whole reaction as a one pot process because of the presence of excess base-which is necessary to facilitate the Heck reaction but which was found to be incompatible with the S N 2′ cyclization (Scheme 37).
Scheme 37
Pd-catalyzed one-pot two-step synthesis of tricyclic N-heterocycles via sequential S N 2′ carbocyclization-Heck reaction.
Conclusion
In conclusion, it has been amply demonstrated that transition metal-catalyzed transformations enable to rigidify linear Ugi-adducts into more drug like species via post-Ugi transformations.
The high chemo-, regio-and stereo-selectivity obtained in many examples show the potential of this strategy and open a huge exploration field. So far, Pd-catalyzed heteroannulations have occupied the front seat with most efforts made towards post-Ugi/Heck transformations and arylation approaches. The development of novel transformations for generating synthetically challenging structures via tuning the catalytic system, the ligands and the reactivity of the substrates as well as the investigation of the mechanistic aspects, are challenges in this field. We anticipate that this tutorial review, which highlights and discusses the rise of transition-metals as an emerging field, would help researchers to better understand the chemistry behind metalcatalyzed post-Ugi transformations towards the synthesis of diverse heterocyclic scaffolds. Not to forget, such reactions have reached an impressive level of performance and versatility within just a few years, particularly with gold catalysis.
